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sumuLRY

An investigationwasconductedtodeterminetheeffectsoninternal
performanceofseveralgeomelmicvariablesthatwereintendedtoproduce
a short,high-performanceconvergent-divergentnozzle.VWiationsin

q thethroat-contourradius,combinationsoftheshapeoftheconvergent
b sectionandthethroat-contourradius,divergenceangle,andshapeof
c thedivergentsectionwereinvestigated.Itwasfoundthatshortening

theconvergentsectionby eitherchangingitsshapeordecreasingthe
throat-contourradiushadno effectonthrustcoefficient.ItWaS EikO

4 foundthata nozzlewitha shortconicaldivergentsectionhada higher
thrustcoefficientthana nozzlewitheithera steppedorcontoured
divergentsectionofapproximatelyequallength.

Fora nozzleofa givenshortlength,itisalsoshownthatslight
improvementsinperformancecanbe obtainedby decreasingthedivergence
angleandoperatingwiththenozzleundere~anded.Thissamedesignpro-
cedurealsoenablesthedesignerto choosean exitarea
mizeairplanedragwithonlya smallemountof titernal

INTRODUCTION

whichwouldmini-
thrustvariation.

ShortJet-engineexhaustnozzleshavemanyadvantages,suchas low
weight,lowcooling-surfacearea,andpossiblyan increasedavailable
lengthforotherengineccuuponents.Becausenetthrustisverysensitive
tolossesinnozzleefficiency,onlyverysmalllossesinefficiencymay
be toleratedtoachieveshortlengthwithoutnegatingtheinstallation
advantages.

Oneofthewaysinwhicha shortnozzleofthedesiredegsion
ratiocanbe designedisby usinga largedivergenceangle.Although

t lengthwasnotincludedas a variable,ref&rence1 hasshownthat~et-
thrustlossesincreaseasthedivergenceangleisincreased.

*
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Thepurposeofthisreportisto showtheeffectsonnozzleper-
formanceofseveralgeometricvariables,includingdivergenceangle,
thatwereintendedtoproducea high-performancenozzleofshortlength.

ThelengthoftheconvergentsectionwasdecreasedW d=r=sine
thethroat-contourradiusupstreamofthethroatandcontouringthecon-
vergentsection.Thelengthofthediverge@sectionwasdecreasedby
decreasingthethroat-contourradiusdownstreamofthethroatandin-
creasingthedivergenceangle.Twoattemptsweremadeto imyrovethe
performanceofa shortconicaldivergentsec~ionj namely,insertionof
a stepat thenozzlethroat,andsubstitutionofarbitrarilycontoured
divergentsectionsfortheconicaldivergentsection.A methodispre-
sentedforselectingthedivergenceanglewhichwillprovideoptimum
performancefora nozzleofgivenlengthoperatingat a givenpressure
ratio.

Nozzleperformanceispresentedintermsofnozzlethrustcoef-
ficientsandflowparameters.

Threenozzles
thelengthsofthe
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APPARATUSANDINSTRUMENTATION ●

Nozzles 1

wereusedto investigatetheeffectsofdecreasing
convergentanddivergentsections.Thefirstof _ .___“:

these(fig.l(a))hada 50°conicalconvergentsectionjoinedto a 30°
conicaldivergentsectionby a throatthathadcontourradiusratios
of0.98and0.34upstreamanddownstremuofthethroat,respectively.
Throat-contourradiusratioisdefinedastheratioofthethroat-
contourradiusto thediameterofthenozzlethroatrc/Dt.This
nozzlehada convergent-sectionlengthratioof0.58anda divergent-
sectionlengthratioof0.67.Lengthratio.isdefinedas..theratio
ofthelengthofa nozzlesection(eitherconvergentordivergent)to
thediameterofthenozzlethroat.

Thesecondofthesenozzlesisshok infigurel(b).Downstreamof
thethroatthisnozzleissimilarto thatshowninfigurel(a). The
throat-contourradiusratioupstreamofthethroatwasdecreasedto 0.34,
anda contouredconvergentsectionwassubstitutedfortheconicalcon=
vergentsection,thusdecreasingtheconvergent-sectionlengthratiofrom
0.58to 0.48.

Thethirdnozzle,showninfigurel(c),issimilerto thenozzle
showninfigurel(a)exceptthatthethroat-contourradiusratiowas
increasedfrom0.34to 0.98downstreamofthethroat,thusincreasing
thedivergent-sectionlengthratiofrom0.67to 0.77.

—
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Thenozzlesthatwereusedto demonstratetheeffectsofinserting
. a stepinthedivergentsectionareshowninfiguresl(d)to l(g). The

stepnozzleshaddivergent-waKlconeanglesof6°,12°,18°,and24°.
Eachhada-500conicalconvergentsection,a divergent-sectionlength
ratioof0.448,andan expansionratioof1.55.

Thenozzlesthatwereusedto demonstratetheeffectsofusingcon-
cave,ogee,andconvexcontoursinthedivergentsectionareshownin
figuresl(h)tol(j). Thecontourswerechosenarbitrarily.Eachhada
S@ conicalconvergentsection,a throat-contourradiusratioof0.98
upstresmofthethroat,a divergent-sectionlengthratioof0.448,and
an expansionratioof1.55. ,

Theconicalnozzle,whichisusedforcomparisonwiththestepamd
3 contoureddivergent-sectionnozzlesinthesectionRESULTSANDDISCUSSION,
J isshowninfigurel(k). Thetiportantfeaturesofthisnozzlearethat
y ithasa throat-contourradiusratioof0.34downstreamofthethroat

(asopposedto 0.98forthenozzlesofref.1),a divergent-sectionlengbh
2 ratioof0.50,an expansionratioof1.55,anda divergenceangleof30°.
.

~stallation
.

Thetestrigisshowninfigure2. Thenozzleswerefastenedtoa
mountingpipethatwasinturnattachedtoa hedplatefreelysuspended
hornfour flexurerods. Theentireassemblywasinstalledwithina
plenumchamberconnectedononeendto thelaboratoryhigh-pressureair
supplyandontheotherendto thelaboratoryaltitudeexhaustsystem.
l%essuredifferenceacrossthenozzleandmountingpipewasmaintained
by labyrinthsealsaroundthemountingpipe. A ventlinebetweenthe
twolabyrinthsealsandtheplenumchamberdecreasedthepressuredif-
ferentialacrossthesecondlabyrinthsealandpreventeddynamicpres-
suresfromactingontheoutsideofthediffusersection.Forcesact-
ingonthenozzleandmountingpipe,bothexternalandinternal,were
transmittedfromthebedplatethrougha flexure-platesupportedbell
cranksmdlinkageto a balancedair-pressure
cell.

Instrumentation

diaphragmforce-measuring

Pressuresandtemperaturesweremeasuredatvariousstationsas
showninfigure2. FYessuresobtainedf!$omtotal-pressurerskesand
wll statictapsat stations1 and2 wereusedinthecomputationof
inletmcraentumandairflow,respectively.Total-pressureandtotal-

k temperaturerakeswereinstslledat stationn to determinenozzle-
inletconditions.Plenum-chsmberstaticpressureandthestaticpres-

3 sureactingontheoutsideofthebellmouthinletwereobtainedfrom

—..
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tapslocatedalongtheoutersurfacesof thenozzleandthenozzlemount-
ingpipe. Insidewallstatictapsfromnozzlethroattonozzleexitwere
used tomeasurepressuredistributionsinthedivergentsectionsof the
nozzles.

PROCEDURE

Performancedataforallnozzleswereobtainedovera rangeof
pressureratiosfromwellbelowdesignto aboutdesignorgreater.
Pressure-ratiovariationwasobtainedby varyingtheexhaustpressure
whiletheinletpressureandweightflowwereheldapproximatelyconstant.
Inletpressureswereabout25poundspersquareinchabsolute.Unheated
dryairata temperatureofabout80°F, showninreference1 tobe suf-
ficientlyhighto eliminatecondensationshock,wasusedfortheentire
investigation.Symbolsandmethodsofcalculationaregiveninappen-
dixesA and

Thrust

infigure3

B,respectively.

RESULTSANDDISCUSSION

EffectofDecreasingConvergent-SectionLength

‘a@coefficient~ andweight-flw.parsmeter~ areshown
t

plottedagainstnozzlepressureratiofortwoconvergent-
divergentnozzles.Thesecondofthetwonozzleswasshortened<y de-
creasingthethroat-contourradiusupstreamofthethroatandby con-
touringtheconvergentsection.Thesegeometricmodificationsdecreased
theconvergent-sectionlengthratioftnm0.58to 0.48andhadno signif-
icanteffectonthrustcoefficientandonlya slighteffectontheflow
parameter.

EffectsofTwoMethodsofDecreasingDivergent-SectionLength

Increasingdivergenceangle.- Shorteningthedivergentsectionof
a nozzleby increasingthedivergenceangleresultsinincreasedthrust
losses.Thethrustvariationincurredwhena conicalnozzleisshortened
inthismanneris showninfigure4. Thedatawereinterpolatedfromref-
erence1 fora nozzlehavingan expansionratioAt/+ of1.55anda
throat-contourradiusratioof0.98downstreamofthethrmt. Forthis

*
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expansionratio,thethrustcoefficientdecreasesfrom0.973at a dfvergent-
sectionlengthratioof1.97to 0.953at a divergent-sectionlengthratio
of0.546. J

v
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Decreasingthroat-contourradiusdownstreamofthroat.- Thethrust
. coefficientsandweight-flowparametersfortwonozzleshavingdifferent

throat-contourradiidownstreamofthethroatareshowninfigure5.
Decreasingthethroat-contourradiusratiodownstreamofthethroatfrom
0.98to 0.34andthusdecreasingthedivergent-sectionlen@h ratiofrom
0.77to 0.67hadno significanteffectonthrustcoefficientatpressure
ratiosatandabovedesignandonlya slighteffectatpressureratios
belowdesign.Flbwparsmeterwasunaffected.

Theeffectondivergent-sectionlengthofthenozzlepreviously
showninfigure4 (Ae/~= 1.55,rc/Dt= 0.98)resultingfromdecreasing

thethroat-contourradiusratiofrom0.98to 0.34isshowninfigure6.
Withthesmallthroat-contourradius,a thrustcoefficientofat least
0.953csmbe maintaineddownto a divergent-sectionlengthratioof
0.435.

PerformanceofTwoShortDivergent-SectionDesignsofFixedLength

. Twoattemptsweremadetodesigna nozzlewhichwouldfitwithinan
envelopegovernedby an expansionratioof1.55anda divergent-section
lengthratioof0.448butgivea thrustcoefficientgceaterthanthat

● givenby a nozzlehavinga conicaldivergentsection.Thefirstattempt
consistedof insertingvarioussizestepsat thethroatofthenozzleto
effecta changeinflowsreawithoutanychangeinaxiallength.The
performanceoffourstepnozzles,eachhavinga divergent-sectionlength
ratioof0.448andan expansionratioof1.55butdifferentsizesteps
(andthusconeangles),ispresentedinfigure7. Theperformanceofthe
30°conicalnozzleillustratedinfigurel(k)isalsopresented.The
thrustcoefficientofallfourstepnozzlesat designpressureratiowas
only0.930andwasessentiallyunaffectedby coneangle.Theflowpar-
ametersofthestepnozzlesareabout4 percentagepointslessthanthat
oftheconicalnozzle.Thedifferenceinflowpsrameteris causedby
boththeabsenceofa thr~t-contourradiusupstreamofthethroatand
by thepresenceofthestep.

Figure8 showsgeneralizedpressuredistributionplottedagainst
smearatiointhedivergentsectionsofthestepnozzlesaswellas in
the30°conicalnozzleillustratedinfigurel(k). Thelowerthrustof
thestepnozzlesas comparedwiththatofthe30°”conicalnozzleis
causedby theloweraveragelevelofpressureinthedivergentsection
ofthestepnozzles.Theloweraveragelevelofpressureiscausedby
rapidthree-dimensionalexpansionsimmediatelydownstreamofthenozzle
throatandinsufficientincreasesinpressuretowardstheexitofthe

8 nozzle. Thepressurerisealongthedivergentsectionresultsfroman
oblique-shocksystemas theflowisturnedparallelto thewall. The
magnitudeofthepressureriseisdetermined

●

~J~
..
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by theMachnumberandthe

.-



6

angleatwhichthefluwapproachesthewalJ.
ofthepressureriseprobablyinfluencesthe
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Furthermorejthemagnitude=
minimumpressurelevelon .

thedivergentwall. Althou&nopressuretayswerel~catedonthever-
ticalsurfaceofthestep,thepressure,accordingtothetheoryofref-
erence2,maybe assumedtobe equaltotheminimumpressureonthedi-
vergentwall.

Thesecondattemptto improvetheperformanceofnbzzleshavinga
divergent-sectionlengthratioof0.448consistedofarbitrarilycon- “N
touringthedivergent-sectionwalls.Theperformanceofthreearbitrarily
contourednozzlesisshowninfigure9. Theperformanceofthe30°con- 5
icalnozzleillustratedinfigurel(k)isalsoincludedinfigure9. The
thrustcoefficientsofallthecontoureddivergent-sectionnozzlesme
lessthanthatoftheconicaldivergent-sectionnozzle.Theconcave
designofferedthebestthrustperformanceofthethreecontoureddesigns,
butthemaximumthrustcoefficientwasstillonly0.950.Flowparameters
forthecontoureddivergent-sectionnozzlesandtheconicalnozzlewere _
aboutequal.

Figure10 showsgeneralizedpressuredistributionsplottedagainst
arearatiointhedivergentsectionsofthecontoureddivergent-section k “-

nozzlesaswellas inthe30°conicalnozzleshowninfigurel(k).
Again,thethrust loss ofthecontoureddesignsas comparedwiththat
oftheconicaldesigniscausedby theloweraveragelevelofpressure

.

inthedivergentsection.Thelowaveragelevelofpressureiscaused
by three-dimensionalexpansionseitherat thethroat,as inthecaseof
theconcaveandogeedesigns,orthroughoutthedivergentsectionas in
thecaseoftheconvexdesign.

ImprovementofShortConicalConvergent-DivergentNozzlePerformance

by UseofanUndere~andedConicalNozzle —

Ithasthusbeenshownthat,fornozzlesthatmusthaveshortdi-
vergentsections,a conicaldivergentsectiongivesthehighestthrust
coefficient.Smallhprovementsinperformancemaybe furtherobtained
by decreasingthedivergenceanglewhilethedivergent-sectionlength
isheldconstantandthenozzleisoperatedundere~anded.Perform-
ancewillcontinuetobe improveduntilsomeoptimumangleisreached.
Beyondthisoptimumangle,underexpansionlosseswilloutweighthegains
obtainedfromdecreasingthedivergenceangle.

—

Someresultsofthismethodasappliedtonozzleshavingdivergent-
sectionlengthratiosfrom0.344to 0.693andoperatingatnozzlepres-
sureratiosof6.7and9.9areshowninfiguresU(a) and (b). IYom 1 ““
figuren(a), forinstance,itcanbe seenthatthethrustcoefficient
ofa nozzlethathasa divergent-sectionlengthratioof0.344and ——r
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requiresa divergenceeagleof50°forcomplete
. by deceasingthedivergenceangleto about20°

7

expansioncanbe improved
andoperatingunder-

expanded.Figuren(a) alsoshowsthatjifa thrustcoefficientof0.97,
forexample,isrequiredata pressureratioof 6.7,a nozzlethathas a
divergent-sectionlengthratioofat least0.639isrequired.

Someof the thrustcoefficientcurvesinfigureU areveryflat;
thisfactsuggeststhat,eventhoughperformancegainsobtainedby this
methodmaybe small,a largerangeofnozzle-exitsreacanbe usedwith-
outseriousinternalperformancelosses.Themagnitudeoftheavailable
rangeinexitareacanbe seenfromthecurvesoftheratioofexitarea
to theexitarearequiredforcompleteexpansion,whicharealsoincluded
infigureIl. A nozzlehavinga divergent-sectionlengthratioof0.508
andoperatingat a nozzlepressureratioof6.7,forexsmpie,has tqud
thrustcoefficientsat a divergenceangleofeither9° or30°. At a
divergenceangleof9°~ however,thenozzle-exitareais26percentless
thanthatrequiredforcompleteexpansion.Thiswiderangeinexitsrea
enablesthedesignerto selectan exitareathatmaydecreasetheair-
planedragifthenozzle-exitareaortheequipmentlocatedaroundthe
outersurfaceofthenozzleexitcontrolsthenacelleorfuselagefrontal

a area. Iftheexitareaisnotthecontrollingarea,decreasingtheexit
areamay,ofcourse,resultin increasesinboattailorbasedragand
nullifyanyinternalperformancegains..

SUMMARYOFRESULTS

l?koman investigationto determinetheeffectsonnozzleperformance
ofseveralgeometricdesignvariables,thefolluwingresultswere
determined:

Decreasingthelengthoftheconvergentsectionby decreasingthe
throat-contourradiussmdby contouringhadno effectonthrustcoef-
ficientandonlya slighteffectonflowparameter.Decreasingthe
lengthofthedivergentsectionby decreasingthethroat-contourradius
hadno effectonthrustcoefficientatpressureratiosat andabove
designandonlya slighteffectatpre~sureratiosbelowdesign;flow
par~eterwasnotaffected.Decreasingthelengthofthedivergentsec-
tionby increasingthedivergenceangle,however,resultedinincreased
thrustlosses.Allthedivergent-sectiongeometriessubstitutedfora
shortconicaldivergent-sectiongeometryhaddetrimentaleffectson
thrustperformance.

Slightimprovementsinthrustperformancecanbe obtainedfroma
conicalconvergent-divergentnozzlethathasa shortdivergentsection

L by decreasingthedivergenceangleandoperatingwiththenozzleunder-
expanded.Similarly,a largerangeofexit areawithlittle changein



thrustcoefficientmaybe selectedby thedesigner,thusmakingit
possibleto choosean exitareathatwouldalsominimizeairplanedrag.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,December16,1954
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area,sqft

AFPENDIXA

SYM130LS

%ymbolsareusedinthisreport:

nozzle-exitarearequired

effectivepipeareaunder

forcompletee~ansion,sq ft

labyrinthseals,sq ft

nozzle-throatsrea,sq in.

thrustcoefficient

nozzle-throatdiameter,in.

thrust,lb

resultantforceonthrustcell(balancedair-pressurediaphragm
force}lb

accelerationdue

lengthofnozzle

lengthofnozzle

to gravity,32.174ft/sec2

convergentsection,in.

divergentsection,in.

totalpressure,lb/sqft abs

staticpressure,lb/sqftabs

gasconstant,53.3ft-lb/(lb)(%)

throat-contourradius,in.

totaltemperature,%

velocity,ft /see

measuredairflow,lb/see

divergenceangle,deg

divergence&gle requiredforcompleteexpansion,deg



10 NACARM E54L09

r ratio ofspecificheats,1.4

5 ratiooftotalpressureat nozzleinlettoabsolutepressureat
NACAstandardsea-levelconditions

e ratiooftotaltemperatureat nozzleinlettoabsolutetempera-
tureatNACAstandardsea-levelconditions

Subscripts:

bm outsideofbellmouthinlet

e nozzleexit

i ideal

.

— .Nm
Into.

J jet

n nozzleinlet

o exhaustorambient -.,
w

1 mounting-pipeinletstation

2 air-flowmeasuringstation
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APPENDIXB

METHODSOFCALCULATION

Airflow.- Thenozzleairflowwascalculatedas

where P2 isthetotalpressureovertheirscrementalarea AA2 and T
isassumedtobe 1.4.

TbrUst. - Thejetthrust wasdefinedas

~ ‘Ae(pe-PO).!d F=
J%fla andwascalculatedby theequation

g.
wav~

Fj = Pl>#l +~ - %u% + ‘z(~m - po)- ‘d

where Fd wasobtainedfrombalancedair-pressurediayhragmmeasure-
ments.Theideallyavailablejetthrust,whichwasbasedonmeasured
flow,wascalculatedas

~ isan area-weightedaveragetotalpressureat stationn.where P

Thrustcoefficient.- Thethrustcoefficientisdefinedas the
ratiooftheactualto’theidealJetthrust

CT= FJ/Ff

REFERENCES
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v 2.Kochendorfer,lRredD.,andRousso,MorrisD.: PerformsmceCharacter-
isticsofAircraftCoolingEJectorsHavingShortCylindricalShrouds.
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